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Abstract 

A large area plastic scintillator detector array(~ 1x1 m^) has been set up for fast 
neutron spectroscopy at the BARC-TIFR Pelletron laboratory, Mumbai. The en- 
ergy, time and position response has been measured for electrons using radioactive 
sources and for mono-energetic neutrons using the '^Li(p,ni)^Be*(0.429 MeV) re- 
action at proton energies between 6.3 and 19 MeV. A Monte Carlo simulation of 
the energy dependent efficiency of the array for neutron detection is in agreement 
with the ^Li(p,ni) measurements. The array has been used to measure the neutron 
spectrum, in the energy range of 4-12 MeV, in the reaction ^^C+ ^'^Nb at E(^^C)= 
40 MeV. This is in reasonable agreement with a statistical model calculation. 
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measured neutron spectra in ^Li(p,ni)^Be* (0.429 MeV) at Ep = 6.3 to 19 MeV 
and i2c+93Nb at E{^^C) = 40 MeV. 



1 Introduction 

The measurement of neutron spectra is important in many nuclear reaction 
studies. One example is the study of the statistical decay of compound nuclei 
populated in low energy fusion reactions. In particular, it would be interest- 
ing to make a measurement in the ^^C+^'^Nb reaction because an unusual 
structure has been reported in the angular momentum gated proton and al- 
pha spectra in this reaction at E(^^C) = 40 and 42.5 MeV [1,2]. This would 
require measurements of neutron spectra down to ~ 0.1 fih sr~^ MeV~^ with 
an energy resolution AEp^fj^/E < 10%. A large area neutron detector is 
needed to meet these requirements. Another example of interest is the study 
of shell effects, and their damping with excitation energy, on the nuclear level 
density(NLD) in the region of doubly closed shell nuclei. The variation of NLD 
for a wide range of the N/Z ratio, where N and Z are the neutron and proton 
numbers in a nucleus, using radioactive ion beams is an interesting topic that 
can be addressed. A large neutron detector array would also be useful in coin- 
cidence measurements involving neutrons, e.g. study of fission dynamics and 
neutron decay following the transfer reaction. 

Plastic scintillators have been widely used for neutron measurements by the 
time of flight (TOF) technique because of their fast response and the relatively 
low cost, enabling the construction of a large detector system. A long scintil- 
lator detector with photomultiplier tubes (PMTs) at either end was first used 
by Charpak et al. [3] . While economizing on the number of PMTs for a given 
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areal coverage, the detector was shown to have good TOF and position reso- 
lution using the timing information from both the PMTs. An array consisting 
of a number of such long scintillators stacked one above the other is a cheaper 
and simpler alternative to an array of a larger number of discrete detectors 
with a comparable efficiency. For example a 1 m^ array with 16 bars of cross 
section 6 cm x 6 cm needs 32 PMTs of 5 cm diameter. An array of similar 
overall dimensions but more granularity could have 256 plastic scintillators 
each of size 6 cmx6 cm and would require 256 PMTs. An array of 49 square 
plastic scintillators of size 14 cmxl4 cm could be viewed by 12.7 cm diameter 
PMTs or 5 cm diameter PMTs with light guides. Either option would increase 
the complexity and cost of the detector system. We have chosen to set up a 

1 mxl m plastic detector array consisting of 16 long scintillators. 

The paper is organized in four sections. The first section gives details of the 
detector array. In the next section the measured time, position and energy 
response to electrons and monoenergetic neutrons is described. The electron 
measurements were carried out using radioactive sources while those for neu- 
trons were done using the ^Li(p,ni)^Be* (0.429 MeV) reaction at proton ener- 
gies from 6.3 to 19 MeV. The third section outlines the Monte Carlo simulation 
of the response of the plastic detector to fast neutrons. Finally, an example of 
a measured neutron spectrum in the reaction ^^C+^^Nb at E(^^C) = 40 MeV 
is presented to demonstrate the capability of the neutron detector array. 

2 Description of Neutron Detector Array 

The neutron detector array consists of 16 plastic scintillator bars (equiva- 
lent to Bicron BC-408 and procured from SCIONIX, Holland) of square cross 
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Fig. 1. A photograph of the plastic scintillator detector array taken with 15 bars. 

section[l]. Each bar has a dimension 6 cmx6 cmxlOO cm and is coupled to 
two 5 cm diameter XP2020 PMTs, one each at either end. The scintillator has 
a light output of ~ 65% compared to that of anthracene, a scintillation decay 
time of ~4 ns and a bulk attenuation length > 3 m. The polyvinyl toluene 
based plastic scintillator has a carbon to hydrogen ratio of ~1:1.1. The density 
and refractive index of the scintillator are 1.03 gm/cm^ and 1.58, respectively. 
The spectral sensitivity of the XP2020 PMT peaks at 420 nm, with a quan- 
tum efficiency of ~ 25 %, and matches the emission spectrum of the plastic 
scintillator. The PMTs have a fast response time (rise time ~1.3 ns) and a 
gain of ^10"^ at about 2 kV bias voltage. The PMTs are powered by a 32 
channel programmable high voltage power supply developed in-house [5]. The 
plastic scintillators are stacked one above the other on a stand with wheels for 
horizontal movement of the array and a four bolt arrangement to adjust the 
height and level. A photograph of the array is shown in Fig. 1. 
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Fig. 2. TOF spectrum, with an arbitrary offset(see eq.l) derived from the left and 
right time (Ti,T/j) of PMTs by exposing the centre of the detector to 511 keV 
photons from a ^^Na source. 



Lead (Pb) sheets of total thickness 25 mm can be placed in front of the array to 
reduce the low energy 7-ray background while not significantly attenuating the 
neutrons from the target. Apart from the target neutrons directly reaching the 
detector, there are those following a circuitous path, such as scattering from 
various materials in the experimental hall. In order to compare the contribu- 
tions from these two sources, a 30 cm thick mild steel (MS) shield consisting 
of several plates of increasing transverse dimension was fabricated. This can 
be placed near the target to block the target neutrons from reaching the array. 
The measurements with and without the MS shield allows an estimation of 
the contribution due to the scattered neutrons that are not in the line of sight 
of the target. 
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Fig. 3. Position response measured by exposing 1 cm wide portion along the 
length of the scintillator bar, using lead collimators and a ^^Na 7-ray source, for 
various distances of the exposed part from one end. The upper axis shows the 
distance calculated using the fit shown in Fig. 4. The lower axis shows the measured 
time difference (T^— T/?). 
3 Time, position and energy response 

The important parameters deduced from the time and integrated charge of 
the PMT signals follows 

(a) The time of flight (TOF), derived from left and right PMT trigger times 
(Tl, Tr), with respect to a reference time, is given by 



TOF ={Tl + Tj,)/2 + Toff set 



(1) 
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Fig. 4. Measured (T^— Tr) for various source positions along the length of the 
scintillator. The vertical lines (shown only for three points) represent FWHM of the 
position response shown in Fig. 3. 

where Toff set is independent of the position of the interaction point. 

(b) The position (X) of interaction point is obtained from the time difference 
between Tl and 

X^{TL-Tn). (2) 



In addition, the position information can also be obtained from the integrated 
charges of the left and right PMT signals (Q^, Q^j) as 

Xcx/n^. (3) 
Qr 

(c) The integrated charge information is necessary for the determination of 
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Fig. 5. Variation of Ql, Qr and Qgm (see text) as a function of distance from one 
end. 

neutron detection efficiency. The geometrical mean Qgm of two signals 



Q 



GM 



QlQr 



(4) 



is roughly independent of the position and is proportional to the energy de- 
posited in the detector (see for example Ref.[6]). 

3.1 Response to electrons 



The time, position and energy response of the plastic scintillator was measured 
with coUimated 7-rays from various radioactive sources. The 511 keV 7-ray 
from ^^Na was detected in a plastic bar in coincidence with the complementary 
511 keV 7-ray detected in a 8 cm thick BaF2 detector with a hexagonal cross 
section and having a face to face distance of 6 cm. Both T/, and T/?, measured 



8 



400 



300 



—1 1 1 1 1 r- 



—1 1 1 1 1 r- 



-1 1 1 1 r- 



J 137, 



Cs 




AmBe 




2000 3000 
Energy (keV) 



4000 



5000 



Fig. 6. Energy spectra measured in the plastic scintillator for ~450 keV, 1 MeV 
and 4.15 MeV electrons using various radioactive sources illuminating the central 
position. 

with respect to BaF2, were recorded. The TOF and position information were 
extracted using the expressions given earher. The TOF spectrum obtained is 
shown in Fig. 2. The full width at half maximum (FWHM) is ~ 1.4 ns, which 
includes the contribution from the electronics as well as the transit time spread 
of PMTs. Fig. 3 shows the position spectrum derived from and T/j. The 
position resolution is ~ 20 cm and the response is linear as shown in Fig. 4. For 
a given amount of energy deposition the integrated charge from a PMT varies 
by a factor of ~3 from one end to other as shown in Fig. 5. The geometric 
mean Qgm is almost independent of position, within 5%, except at the ends 
where it increases up to ~ 15%. 



The energy resolution for mono-energetic electrons produced within the plastic 



9 



500 I 




I I 

1 2 3 4 5 

Ee (MeV) 

Fig. 7. Electron energy response of the plastic scintillator. The vertical error bars 
depict the FWHM of the peaks shown in Fig. 6 

scintillator was measured using the response to a recoiling electron in the 
Compton scattering of 7-rays. The back scattered photon was detected in a 
BaF2 detector for tagging on the energy of the electron. 7-rays from radioactive 
sources ^'^^Cs, ^'^Co and ^^^Am-Be were coUimated using appropriately placed 
lead bricks to illuminate a 2 cm wide portion of the plastic scintillator. The 
source and collimator assembly was moved along the length of the plastic to 
measure the position dependence of the response. The measured energy spectra 
of the electrons for the central source position are shown in Fig. 6. The energy 
response is linear as shown in Fig. 7. The /\'Ejpwhm was measured to be 
~ 35% and ~ 12% for 450 keV and 4.15 MeV electrons, respectively, produced 
at the centre of the plastic scintillator. This was almost independent of the 
position in the plastic. The finite size of the BaF2 detector and the illuminated 
zone in the plastic had an insignificant contribution to the measured energy 
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Fig. 8. TOF spectra from p + """^Li reaction at Ep = 6.3, 8 and 16 MeV. The 

position of the gamma and neutron peaks are indicated. 

resolution. 



3.2 Response to monoenergetie neutrons 



Monoenergetic neutrons were produced by bombarding a ~ 2 mg/cm^ thick 
nat-^^ metal target with proton beams of energies 6.3, 8, 12, 16 and 19 MeV from 
the Mumbai Pelletron. The neutrons produced in the reaction ''Li(p,ni) ''Be* 
were detected by one of the plastic scintillators in coincidence with the 429 
keV 7-ray emitted from the first excited state of ^Be. The 7-ray was measured 
in the BaF2 detector, mentioned earlier, placed at ~ 2 cm from the target. 
The plastic scintillator detector was placed at a distance of 3 m from the 
target and at 45° with respect to the beam direction. The TOF of the events 
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Fig. 9. Same as in Fig. 8 for Ep = 6.3, 12.0 and 19 MeV. 

in the plastic scintillator was measured with respect to the BaF2 detector 
using time to amplitude converters (TAG) calibrated using a high precision 
time calibrator. The measured TOF spectra for the neutron group populating 
directly the 0.429 MeV excited state in ''Be are shown in Figs. 8 and 9. The 
peaks in the TOF spectra correspond to neutrons of energies 3.7, 5.3, 9.0, 12.7, 
15.4 MeV, respectively. The relative time differences between the neutrons 
and 7-ray peaks decrease with increase in neutron energy and agree with the 
expected values within 2%. 

In order to assess the attenuation of neutron and 7-rays by the lead shield 
a measurement was made at Ep=6.3 MeV. In the same measurement the 
contribution of scattered neutrons were assessed by placing the MS shield 
near the target. The TOF spectra are shown in Fig. 10. A comparison of the 
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Fig. 10. TOF spectra with and without lead and MS shields for a plastic scintillator. 

spectra shows that the lead shield attenuates the neutron group by ~ 10% and 
the 7-rays by ~70%. Moreover, the contribution from the scattered neutrons 
is negligible (with an upper limit of 5%). 



3.3 Efficiency measurement for monoenergetic neutrons 

The efficiency of plastic detector for monoenergetic neutrons was measured 
using the same reaction. The proton beam energies were 10 and 16 MeV 
corresponding to neutron energies of 7.1 and 12.7 MeV, respectively. One 
plastic bar was used to measure neutrons in coincidence with 429 keV 7- 
rays detected in an array of seven close-packed hexagonal BaF2 detectors of 
dimensions mentioned earlier. The plastic detector was placed at 45° with 
respect to the beam and 1.5 m from the target. The BaF2 array was placed ~ 
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Fig. 11. Experimental and simulated energy (electron equivalent) response of the 
plastic scintillator to neutrons of energies 7.1 and 12.7 MeV. 

2 cm from the target. The anode signal from PMT of each BaF2 detector was 
amplified and split to measure energy and pileup. The split signals were fed 
to two charge sensitive analog to digital converters (QDC) with gate widths 
of 2 /is and 200 ns. The dynode signals from both left and right PMTs of 
the plastic scintillator were amplified for pulse height response and the anode 
signals were processed to measure TOF with respect to the logical OR of BaF2 
timing signals. The energy calibrations of plastic and BaF2 detectors were done 
using ^^'^Cs and ^°Co 7-ray sources. The energy spectrum of the plastic detector 
for a given neutron energy was obtained by gating on the corresponding peak in 
the TOF spectrum and subtracting the random contribution. These are shown 
in Fig. 11. Here the energy corresponds to the electron equivalent energy (-Ege) 
of the charged particles produced by neutron interaction in the scintillator. 
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The efficiencies of the plastic scintillator for the two neutron energy groups 
mentioned above were estimated as follows. In the data analysis the num- 
ber (M) of BaF2 detectors detecting the 429 keV 7-ray in coincidence was 
generated event by event. The events with M>1 obviously correspond to ran- 
dom events. The yield of the ui group at each proton energy was obtained 
from the TOF spectra for the condition of M=l and E^e >250 keV. The neu- 
tron detection efficiencies were obtained from these yields, the target thickness 
and the angle dependent cross section of the ui group. This cross section was 
taken from Poppe et al. [7]. The target thickness was obtained from the sin- 
gles 7-yield in all seven BaF2 detectors measured at 16 MeV proton energy. 
The efficiency of the BaF2 array for 429 keV 7-rays was calculated as 26.7 % 
using the Electron Gamma Shower (EGS) simulation program [8]. The target 
thickness extracted using the angle integrated cross section from Ref.[7] was 
2.8 ± 0.3 mg/cm^. The neutron detection efficiencies estimated from the above 
procedure were divided by the geometrical efficiency of the detector to get the 
intrinsic efficiencies. These are shown in Table 1. These measured efficiencies, 
however, include the contributions of the scattered neutrons from the BaF2 
array. This effect was estimated to be < 7% from the Monte Carlo simulation 
discussed in the next section. 

4 Monte Carlo simulation of the neutron detector array 

The simulation of the response of the plastic detector array to fast neutrons 
has been performed by a Monte Carlo program developed in our laboratory. 
The processes by which neutrons of energy up to ~ 20 MeV interact with the 
detector material were taken as (a) elastic scattering on hydrogen and ^^C, 
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Table 1 

Measured and simulated intrinsic efficiency of plastic scintillator detector for mono- 
energetic neutrons in the absence (A) and presence (B) of the BaF2 array. 



E„(MeV) 


Measured 
efficiency (%) 


Simulated 
efficiency(%) (A) 


Simulated 
efficiency(%) (B) 


7.1 


27.4 ± 2.8 


26.4 


27.2 


12.7 


22.7 ± 3.2 


20.8 


22.3 



(b) inelastic scattering to the 4.4 and 7.6 MeV states in ^^C and (c) "'^^C(n,Q;), 
^^C(n,p) reactions. Among these the first process is the dominant one. The 
cross sections were taken from Ref. [9]. 

In the program, neutrons of a given energy are made incident on the plastic 
array, placed at a certain distance from the source, assuming angular isotropy. 
The energy dependent total interaction cross section determines whether the 
neutron scores a hit in the detector. If it scores a hit, the interaction process is 
chosen randomly on the basis of the relative magnitude of the respective cross 
section. If the process is elastic scattering on hydrogen, the scattering angle in 
the centre of mass (cm.) system is chosen randomly. This decides the energy 
of the recoiling proton which is assumed to be fully deposited in the detector. 
In (n,p), (n,a) and (n,n')3a processes, the energy of p and a were calculated 
assuming isotropic emission in the cm. system. For the (n,n'7) process, the 
4.4 MeV 7-ray deposits energy depending on the attenuation length and the 
available path in the scintillator for a given propagation direction. The electron 
energy equivalent (Egg) of the deposited energy for heavy charged particles are 
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Table 2 

Parameters in the light response function for proton and alpha. 



Particles 


ai 


a2 


as 


a4 


Proton 


0.97 


7.6 


0.1 


0.90 


Alpha 


0.41 


5.9 


0.065 


1.01 



obtained using the following empirical expression 

Te = a^Tp - a2[1.0 - expi-a^T/*)]. (5) 

The choice of the parameters ai to a,^ was guided by those given by Cecil 
et ai [9] with some fine tuning. These are presented in Table 2. The light 
output due to recoihng ^^C nuclei is small and therefore neglected. The time 
of occurrence of the PMT signal was derived from the neutron flight times 
and the scintillation photon propagation time. The simulated left and right 
PMT times (T^, T/j) and Egg from each event were used to generate TOF and 
Ege spectra provided Egg is greater than the experimental threshold. The TOF 
spectrum for a given neutron energy shows a peak with a width arising from 
the intrinsic time resolution of the plastic scintillator as well as the variation 
in the interaction position. The shapes of the simulated Egg spectra at neutron 
energies of 7.1 and 12.7 MeV compare well with the experiment as shown in 
Fig. 11. 

The ratio of detected events to the number of incident neutrons gives the 
intrinsic neutron efficiency. The simulated intrinsic efficiencies of one plastic 
scintillator for neutrons of energies 7.1 and 12.7 MeV were obtained for the 
experimental threshold (Egg) of 250 keV. These are shown in the third column 
of Table 1. The energy dependent neutron efficiencies for various thresholds are 
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shown in Fig. 12 for a single plastic scintillator with the lead shield in front. 
It can be seen that while an increase in Eee does not substantially change 
the neutron detection efficiency at higher energies, it increases the effective 
threshold energy for neutron detection. 



The presence of the BaF2 array near the target is a source of scattered neu- 
trons, some of which reach the plastic detector. In order to estimate their con- 
tribution to the measured efficiencies, the simulation program was extended 
to include the elastic and non-elastic processes from Ba and F in BaF2. The 
increase in the TOF of the elastically scattered neutrons is too small to distin- 
guish from that of the neutrons directly reaching the plastic. The non-elastic 
processes lead either to a loss of neutrons as in the (n,p), (n,a), (n,7) reac- 
tions or to a low energy neutrons from the (n,n') and (n,2n) reactions. These 
processes, therefore, do not contribute to the counts in the TOF peak. The in- 
trinsic efficiencies in the presence of BaF2 are renormalised by the extra contri- 
bution in the TOF peak essentially due to elastic scattering. These are shown 
in the last column of Table 1. The renormalised efficiencies are increased by 
< 7%. These are however the upper limits because we have assumed isotropy 
in the scattering processes whereas the limited elastic scattering data shows 
forward peaked distribution (see for example Ref. [10]). It may be mentioned 
that the elastic scattering process on BaF2 does not lead to any significant 
change in energy spectrum shown in Fig. 11. 
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Fig. 12. Simulated neutron efficiency of a plastic bar for different energy thresholds 

Eee- 

5 Measurement of neutron spectrum in ^^C + ^^Nb reaction at 
E(^2c) = 40 MeV 

A collimated, pulsed ^^C beam (9.4 MHz) of 40 MeV from the Mumbai Pel- 
letron bombarded a self supporting ^'^Nb target of thickness 0.5 mg/cm^. Neu- 
tron spectra were measured with 15 of the 16 plastic scintillators. The detec- 
tor array was placed at 2.2 m from the target and at 135° with respect to 
the beam direction. It was covered with a 25 mm thick lead shield. The beam 
collimators and the beam dump were shielded with lead bricks and borated 
paraffin blocks to reduce the gamma and neutron background. The measure- 
ments were made in coincidence with low energy 7-rays originating from the 
yrast transitions of the fusion residues. These 7-rays were detected in an ar- 
ray of 14 bismuth germanate (BGO) detectors [.]. The BGOs were shielded 
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Target holder 




Fig. 13. A schematic of the experimental setup used in the ^^C + ^^Nb experiment. 

from background gamma rays coming from the collimators and beam dump 
with suitably placed lead bricks. The schematic experimental setup is shown 
in Fig. 13. 

The total efficiency of BGO array for 662 keV 7-ray, measured using a ^^^Cs 
source kept at the target position, was ~ 65%. The schematic electronic block 
diagram is shown in Fig. 14. The high voltage applied to the PMTs of in- 
dividual plastic scintillator detectors was adjusted to provide the same pulse 
height for 4.44 MeV 7-ray from ^^^Am-Be source placed at the centre of the 
detector. The full energy range was Ege ~ 28 MeV. The signal from the anode 
was split into two parts. One was fed to a QDC for the energy measurement 
and the other was sent to a constant fraction discriminator (CFD) to generate 
the timing signal. The CFD thresholds were set at ~100 keV. One of the CFD 
outputs was sent to the corresponding start channel of the time to digital 
converter (TDC) filtered through the condition that at least one of the BGO 
detectors fire. The second CFD output was used to generate the QDC gate. 
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The third output was used to define a vahd event by combining signals from 
all the scintillators in a logic OR unit. This OR output (Plastic-OR) was used 
for the common QDC gate. 

The timing signals from the BGO detectors were time matched and sent to a 
multiplicity logic unit (MLU) [11]. The time matched OR-output (BGO-OR) 
was used to filter the plastic CFD signals as mentioned above. A coincidence 
between the BGO-OR and the Plastic-OR was used to filter the RF signal 
derived from the beam pulsing system. The filtered RF was used as the com- 
mon stop for all the TDC channels. The left and right times of each plastic 
scintillator were measured with respect to the filtered RF. In addition, the 
integrated charges (Ql, Qr), number of BGO detectors firing simultaneously 
(fold) and the RF-BGO time were recorded in an event by event mode. The 
time and energy calibrations were done as mentioned earlier. In the offline 
analysis, the TOF was derived from T^ and Tr. The zero of the time scale 
was determined from the prompt gamma peak in the TOF spectrum. The 
position information was obtained from the difference between the left and 
right time. Four position gates were decided by inspecting the position spec- 
tra. A TOF spectrum for a typical plastic scintillator with position gating 
on a quarter of its length and at least one BGO in coincidence is shown in 
Fig. 15. The random background reduces drastically with the BGO coinci- 
dence requirement allowing the measurement of neutrons with low production 
cross section. The fold gated neutron time of flight spectra, after subtracting 
the random background for each position cut, were converted to energy spec- 
tra. The energy dependent efficiencies of the neutron detectors of the array 
for different position gates were calculated using the Monte Carlo simulation 
program mentioned earlier. The energy threshold used in the simulation was 
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Fig. 14. Block diagram of the electronics set up used in the ^^C+^^Nb experiment 



the same as that used in deriving the experimental spectra. The calculated 
efficiencies were used to obtain the energy differential cross-sections in the 
cm. system. The cm. spectrum for each fold was derived as the average of 
the corresponding spectra from all the 15 detectors and four positions. The 
energy differential cross sections in the cm. system for fold >1 is shown in 
Fig. 16. 



A statistical model calculation using the simulated Monte Carlo CASCADE 
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Fig. 15. Measured TOF spectra in the reaction ^^C+^^Nb at E(^2(;;;)^4o MeV for 
BGO fold >1. The prompt gamma peak (7), the broad bump due to neutrons (n) 
and the gamma peak from the adjacent beam burst {'Jr) can be seen. 
(SMCC) [12] code was performed to compare with the measured spectra. The 
calculation, done for the projectile energy 39.5 MeV (at the centre of the 
target) and a fusion cross-section of 188 mb, yielded the population matrix 
a{En, Jres) where Jres refers to the residue spin. The Jres to F (fold) response 
function was calculated using a Monte Carlo program with BGO efficiency 
and inter-detector cross talks as inputs and assuming the multiplicityM = 
Jres/1.9 + Mq with Mo=1.4. Using this response function, the fold gated neu- 
tron spectra were obtained from a{En, Jres)- The shape of the experimental 
fold gated neutron spectra agree well with those given by the SMCC calcula- 
tion for a level density parameter of A/8.5 MeV~^. This level density param- 
eter is similar to that derived from the analysis of the proton spectra from an 
earlier measurement in the same system [']. Fig. 16 shows the calculation for 
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Fig. 16. Measured energy differential neutron cross sections in the reaction 
i2c+93Nb at E(i2C)=40 MeV for fold >1 and statistical model calculations (SMCC) 
multiplied by 0.7. 

F>1 with an overall multiplication factor of 0.7. 



The presence of the BGO detector array also contributes to scattered neutrons 
some of which are detected in the plastic array. In order to assess this contri- 
bution, the neutron TOF measurements were performed with and without the 
top BGO detector array. Only the lower BGO array was used to generate the 
gamma ray multiplicity in both the cases. The measured differential neutron 
cross sections and their ratio for these two cases are shown in Fig 17. The 
presence of the top BGO array gives rise to an additional ~13% contribution, 
almost independent of neutron energy, which is in reasonable agreement with 
the Monte Carlo simulation. This implies an additional ~26% contribution 
due to the presence of the full BGO 7-multiplicity array. Thus the measured 
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Fig. 17. Measured energy differential neutron cross sections in the reaction 
i2c+93Nb at E(i2C)=40 MeV for fold >1 with and without top BGO array and 
the ratio between them at different neutron energies. 



cross sections shown in Fig. 16 get reduced by a factor of ~1.26 and become 
~1.8 times lower than the calculated values. This discrepancy could arise from 
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1) the uncertainty in fusion cross section used in the SMCC calculation and 

2) the presence of low energy electromagnetic transitions in the residues which 
are detected with poor efficiency and, hence, affect the J^es to M prescription 
used in the calculation. 



6 Summary 



In summary, we have set up a 1 x 1 m^ plastic detector array for neutron time of 
flight measurements at the BARC-TIFR Pelletron laboratory. We have mea- 
sured the response of the detector to electrons using radioactive sources and 
mono-energetic neutrons using the ^Li(p,ni) reaction. A Monte Carlo simula- 
tion program has been developed to simulate the response of the detector for 
neutrons and is in agreement with our measurements. The detector array was 
used to measure the energy differential neutron cross sections in the reaction 
12c + ^^Nb at E(^^C) = 40 MeV in coincidence with a 14-BGO gamma mul- 
tiplicity array. The measured spectral shape is in reasonable agreement with 
a statistical model calculation. 
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